The Brazilian Amazon region is an ideal location for isolated mini-grid systems. Hundreds of diesel systems have been installed to suppUy electricity to this sparsely populated region. However, the availability of renewable energy resources makes the Amazon well-suited to renewable energy systems. This paper describes the technical aspects of two hybrid systems being installed in this region through the cooperative effort of multiple partners: U.S. Department of Energy, through NREL, and Brazilian CEPEUEletrobras and state electric utilities.
INTRODUCTION
The US. Department of Energy (DOE), through the National Renewable Energy Laboratory (NREL), is implementing a joint technology research and demonstration task with the Centro de Pesquisas de Energia Eletrica (CEPEL) in Brazil [I]. In this program, DOE is cost-sharing renewable-energy pilot projects with Brazilian state-owned utilities. As part of this program, two hybrid power systems were procured for villages in the Amazon region of Brazil (see Figure 1 ). This paper describes the design, present status of installation, and plans for the operation of these systems.
AMAZON REGION: ELECTRIC ENERGY ASPECTS
The Amazon region in Brazil is sparsely populated, with 17 million people living in 5 million km'. This translates to less than 12% of the country's population in 58% of the total area. Efectricity generation, where it exists, is based mainly on isolated diesel systems ranging from a few kilowatts in small villages, to tens of megawatts in some capital cities. Only 9% of Brazil's electric energy is consumed in Amazonia, but consumption has been increasing at a rate of about 18%
per year for the last 20 years, while the national rate increased at only 8.2%. Over 30% of the population does not have access to electric energy [2] .
More than 300 mini-grid systems are operated by local utilities, and thousands more are privately owned. 
I
The cost of remote electricity is high and depends strongly on system size. In villages with diesel systems smaller than 100 kW, the cost can be greater than US$ 0.50/kWh. These high costs are due largely to operation and maintenance and low capacity factor, and secondarily, to high fuel costs. The small systems are normally very unreliable. As a re situation, small remote vilfages experience both high electvicity cost and very low-quality energy service, if any. High electric costs are not borne by villagers, however, due to fixed electric tariff rates mandated by the government. Hence, such service, when provided, must be subsidized.
In 1995, the total Brazilian national budget for fossil fuel to run the utilities' isolated systems reached almost $250 million, which corresponds to more than 1 billion liters of diesel and 320,000 gross tons of oil. The planned budget for 1996 is $340 million. Recently, in a Brazilian national meeting, it was proposed that this budget be directed gradually to fund renewable-energy projects where-ever funds were subsidizing the operation of diesel systems.
AMAZON REGION: RENEWABLE RESOURCES AVAILABILITY
system will operate either isolated or interconnected to the local grid. While in the interconnected mode, it will either deliver excess energy to or charge the battery bank from the grid. One year of solar radiation (global horizontal, direct normal, and diffuse), ambient temperature, and wind (speed and direction) data at the site is available. During this period (May 1994 to April 1995 , the average wind speed was 6.58 m/s, and the daily average globalhorizontal radiation was 5.30 kWh/m*. There is a good match of resource availability to the demand during a typical day. Figure 2 shows the average normalized daily profile of load, wind, and solar energy for Joanes.
Normalized Power
The Amazon region is extremely rich in renewable-energy resources. The average insolation is 5 kWh/m'-day, with very little variation throughout the year. The wind regime has proven to be significant near the coast, and there are other promising locations as well. And biomass, either through planted wood or vegetable oil, and hydroelectric also have potential.
To quantify the availability of solar and wind resources at both hybrid power sites, measuring stations have been installed and resources monitored.
DESCRIPTION OF THE HYBRID SYSTEMS
Details of the two systems and their locations appear below. Apart from research and demonstration interests, both hybrid systems are expected to reduce fuel consumption, increase the lifetime of diesel generators currently installed at the sites, and improve service quality. The designs of the systems are significantly different. The Campinas system will meet the entire load requirement with PV-generated electricity, and the Joanes system will operate in a "peak shave" mode, transferring the peak demand of the village to "off peak" periods at the diesel generation plant. In this way, it will use the maximum energy available from renewable sources. In Joanes, renewable generation is expected to reach 115 MWh/year, or some 45% of the total present demand. A concurrent program for energy conservation in the village is expected to boost the fraction of the load met by renewable energy to over 60%.
Joanes
The first system, a 50-kW PV-wind-battery hybrid, is being installed in the village of Joanes, located at the municipality of Salvaterra, on Marajo Island, state of Para (see Figure 1) . The system design and control and the power-processor hardware were supplied by New World Village Power Company (NWVP) of Vermont. This 
System
Design,
Configuration, and Grid Connection
This system is based on a rotary converter (shaft-coupled DC motor and synchronous alternator), rather than an electronic inverter, for power conversion. It comprises four 10-kW wind machines supplied by Bergey Windpower and 10 kW of PV modules from Siemens Solar Industries. A system schematic showing the connection to the Salvaterra grid is given in Figure 3 .
PV structures were designed to allow monthly manual adjustment of the slope by the operator. The battery bank was sized to carry the load during a typical daily peak period (6:OO p.m. to 12:OO a.m.) without any real-time contribution from renewable sources. Control, data acquisition, fault detection, and diagnostics are primarily provided through programmable logic controllers (PLCs) connected via a serial link to a local operator interface (a computer running an algorithm based on the Wonderware lntouch software package). AC switches, FV contactor, and battery bank state-of-charge are controlled by the PLCs. Wind turbines have their own controllers and will be disconnected from the Dc bus if the battery bank is fully charged or the system is off. Battery state-of-charge is assessed through terminal voltage monitoring, compensated by current and temperature. The battery will be recharged in a constant currenttconstant voltage sequence with temperature compensation. Equalization charges are also planned. Specific charge/discharge parameters are programmed for the characteristics of the selected battery bank.
Regarding grid connection, Joanes is connected to the Salvaterra power plant, one of 41 utility owned and operated diesel systems presently installed in Para. The plant has a nominal capacity of 1.2 MVA. Joanes receives its electricity from this system, through a 17-km line operated at 13.8 kV. The village has 170 consumers, plus public lights. There are 4 transformers in Joanes with a total of 165 kVA, and distribution to consumers is at the line voltage, 1 10 V.
Operation Strategy
As envisioned, operation of the system is fundamentally driven by fuel displacement and peak load reduction at the Salvaterra power plant. The day is divided into key periods, as shown in Figure 4 . Figure 4 . Operation of the Joanes hybrid system adjustable operation windows over typical load curve.
Two operation windows are defined: "Supply Time" and "Charge Time." During charge time, the system will be connected to the grid and the battery will be recharged to a maximum preset level. During supply time, the system will be isolated from the grid, carrying the village load. The windows will be defined by the operator in both relative position to the load curve and duration. Outside the defined windows, the village will be supplied by the grid, with renewables charging the battery bank.
Campinas
The second hybrid power system, a 50-kW PVdiesel-battery hybrid, is being installed in the village of Campinas, about 100 km upstream from Manaus, in the state of Amazonas, between the Solimoes and Negro rivers (see Figure 1) . System controls and power processor for the Campinas plant were supplied by Advanced Energy Systems Ltd. (ASES), as a subcontractor to Bergey Windpower Corp. A 50-kW PV array was supplied by Solarex Corporation. Two existing diesel units, currently supplying the village load, are being modified to interface with this hardware.
System Design and Configuration
A system schematic is given in Figure 5 . PV panels are fixed, tilted 8" toward the south. Control, data acquisition, fault detection, and diagnostics are primarily provided by the AES inverter's internal capabilities. A local operator interface is connected to the inverter via a serial link. 
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Centralized
Opera fion Strategy
This system will keep the diesel units from running, unless a sequence of cloudy days occurs that depletes the battery bank state-of-charge. In this case, the diesel will run to supply the load and recharge the battery bank to a preset maximum state-of-charge. While running, the diesel generators will be operated close to the nominal power rating to achieve high operating efficiency and to avoid damage to the units due to underload conditions. If the load requirement is greater than the nominal power of the inverter, the diesel generator will be turned on and the inverter will supply the remaining power requirement.
The Brazilian state electric utilities (CELPA in Para and CEAM in Amazonas) are responsible for site preparation, village grid connection, system installation, operation, and maintenance, as well as for supply of the battery bank. System performance will be remotely monitored using a satellite communication system supplied by Ascension Technology.
T STATUS OF PROJECTS
Currently, site preparation at the two villages has been substantially completed, the equipment is incountry, and installation of the two hybrid power systems is slated for May 1996 [4,5].
The hybrid systems described here represent two significantly different approaches to the problem of remote power supply using renewable energy. Deployment of both systems is expected to provide the Brazilian utilities with installation and operating experience in hybrid power.
Monitoring the performance of these systems will contribute significantly to the body of knowledge in hybrid power systems, influencing the design, implementation, and operating strategy of future projects. Concurrent with this program, energy conservation measures are being implemented in both villages. Regardless of the specific design, energy costs are very high for these regions when compared to conventional, large grid-connected systems. This high cost reinforces the need for aggressive energy conservation measures and appropriate use of electricity. ' This joint technology research and demonstration program has succeeded thus far because key institutional relationships between United States and Brazil have been developed. Furthermore, the necessary in-country training and manpower requirements for sustainable renewableenergy technologies, including hybrid village power systems, have been . The project is yielding a number of benefits actual energy generated, including enhanced sales, profits, and employment opportunities for renewable-energy competitive alternatives to diesel, extension; and improvement of e conditions for the rural population due to the availability of reliable electric power.
A new project headed by CEPEL has recently been launched to further evaluate the wind and solar potential of the Amazon region, as a am. In this second step, in the Amazon region will s with centralized or distributed solar or wind systems, according to the availability of each re load characteristics.
